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Abstract:  Design and simulation results are presented for an ultralow 
switching energy, resonator based silicon-on-insulator (SOI) electro-optical 
modulator.  The nanowire waveguide and resonator are seamlessly 
integrated via a high-transmission tapered 1D photonic crystal cavity 
waveguide structure.  A lateral p-n junction of modulation length ~λ is used 
to alter the index of refraction through fast carrier depletion.  Differential 
signaling of the device with ∆V ~1Volt allows for a 3dB extinction ratio at 
telecom wavelengths with an energy cost as low as 19attojoules/bit. 
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OCIS codes: (230.5298) Photonic crystals; (250.7360) Waveguide modulators; (230.2090) 
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1. Introduction  

Electro-optical modulation in silicon nanobeams produced by the depletion or injection of 
electrons and holes is investigated in this paper.  Silicon nanobeam (NB) components are a 
silicon-on-insulator (SOI) technology. The NB is a single-mode Si strip channel waveguide or 
Si “photonic nanowire” that includes a resonant cavity at a telecom wavelength in the present 
case. The resonance is created by a 1D photonic crystal (PhC) lattice which is a series of 
cylindrical air holes etched into the Si down to the buried oxide interface. A high 
transmission, high quality factor waveguide-cavity system can be made from a series of 
quadratically tapered holes with a zero-length cavity region in the middle. The series of holes 
on each side of the cavity can be thought of as a Bragg mirror.  

Prior examples of resonant nanowire electro-optical (EO) modulators consist mainly of a 
bus waveguide that is evanescently side-coupled through an air gap to a micro-ring, micro-
disk or micro-donut, i.e., the resonator is a separate entity from the nanowire. In contrast, our 
device has the resonator and optical transmission waveguide seamlessly combined in one wire 
resulting in a much smaller footprint.  Owing to these device area considerations, the NB EO 
modulator offers the possibility of a significantly lower switching energy than the disk/ring 
approach.   

Previous EO modulator implementations employ carrier injection in a Si NB[1], whereas 
this paper investigates the use of carrier depletion.  

Another approach outlined by Qi et al [2] studies a nanoscale slot that is etched into the 
midline of a high quality factor (Q) nanohole array allowing for the introduction of an EO 
polymer.  With doped silicon contact regions straddling that slot, it is proposed that applied 
voltage perturbing the polymer will shift the nanobeam resonance. We agree that the slot NB 
resonator offers the smallest possible cavity volume and switching energy.  The purpose of 
our proposed project is to estimate what can be done without a slot using the free-carrier 
plasma dispersion effect in its “fastest embodiment”—which is the lateral p-n junction 
electron-hole depleter.  In many ways, this specific depletion architecture emulates the 
aforementioned slot design as the vertical depletion layer closely resembles a slot in both 
cross-sectional dimensions and active length.  Therefore, looking at the slot and the depleter 
collectively, we believe that these Si EO NB structures offer the fastest and lowest-energy 
modulation in silicon photonics (not considering here the sub-wavelength modulator 
capabilities of plasmonics and plasmon-photonics [3]). Also, consider the disadvantage of the 
extrinsic nature of the EO polymer, as it is a guest inserted inside of the silicon host. On the 
other hand, the p-n depleter is intrinsic, meaning that the active material is seamlessly and 
monolithically integrated into the NB.  This results in a device that is easier to manufacture 
and is more CMOS-compatible. 

2. Device Design 

Our design consists of a 1D silicon-on-insulator (SOI) photonic crystal nanobeam cavity 
strongly coupled to a feeding waveguide.  Such devices offer high optical transmission as well 
as a high quality factor and a small mode volume. The fundamental mode optical transmission 
consists of a Lorentzian peak situated midway in the PhC’s low background forbidden gap 
transmission spectrum. 

Several design algorithms have recently been proposed; in our example we follow that 
outlined by the Loncar group [4] where the photonic crystal hole size (or equivalently the fill 
factor) is quadratically tapered down from the center of a zero length cavity region to either 
edge of the photonic crystal.  This creates a linear change in the photonic crystal mirror 
strength, allowing for efficient coupling between the waveguide structure and the photonic 
crystal structure.   
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The device consists of a 500nm wide by 220nm high silicon strip waveguide on top of a 
silicon dioxide layer.  While performance of 1D photonic crystal nanobeam structures can be 
increased by creating suspended structures through undercutting of the buried oxide layer 
beneath the device, we have chosen to leave our device on the substrate for maximum 
robustness.  The oxide is assumed to be optically thick. The number of mirror pairs in the 
TE0-mode photonic crystal was chosen to be 12 (a total array of 24) which results in a quality 
factor slightly below 104.  We found this to be a fair tradeoff between the resonance linewidth 
and the cavity lifetime which are inversely proportional quantities.  If the quality factor is too 
high, the speed of the device is compromised. However, if the quality factor is too low then 
very large modulation shifts of the wavelength are required due to the large bandwidth of low 
Q resonators.  A periodicity of 350nm was selected in order to get device operation in the 
telecom-friendly 1500nm range.  We note that one could easily adjust this parameter in order 
to tweak the actual wavelength of operation to any other desired value, such as 1550nm.  The 
fill factor of the center two holes was chosen to be 0.2 and was quadratically tapered down to 
0.1 at the outer two holes.  This results in a quadratic tapering of the hole radii from roughly 
125nm to 88nm. For electrical contact and for defining the p-n junction, initially undoped 
50nm-thick silicon “wings” extending the entire length of the photonic crystal device were 
placed on either side of the nanobeam. The Si wings-on-oxide integrate seamlessly with the 
nanowire and a cross-section view in the wing region shows the geometry of a rib waveguide.  
Voltage contacts for electro-optic modulation are made in doped wing areas. 

P-type and n-type doping of the respective left and right wings is then performed as shown 
in the NB perspective view of Fig. 1(a), orange for p and dark green  for n—with doping 
length centered on the cavity. The next design consideration consisted of choosing the 
appropriate hole and carrier doping concentrations and the exact lateral position of the abrupt 
p-n junction [5].  While higher doping concentrations can lead to larger changes in the 
refractive index they also result in higher levels of loss due to free carrier absorption.  A 
compromise of these two parameters led us to choose a p-type doping concentration of 5x1017 
cm-3 and an n-type doping concentration of 1x1018 cm-3, p-type being slightly less since holes 
have a greater effect on the optical index of refraction.  Both the nanobeam and the “wings” 
are doped by the same amount and to the same length, Lm, which is the modulator’s 
interaction length. Note that the 24-hole on-axis length of the lateral wings Lw overlapping the 
array is always held constant and that only a fraction Lm/Lw of the wing is doped.  The reason 
for this is that wings with a length shorter than that of the photonic crystal structure resulted in 
significant transmission loss of the device. As illustrated in the cross-section cavity view of 
Fig. 1(b), the width of the p-type doped region in the nanobeam was set to 285nm and the 
width of the n-type doped region was set to 215nm.  The position of the p-n junction is, 
therefore, not actually centered in the nanobeam but is offset by 35nm.  Our simulation 
results, which follow, show that this is an optimized junction location for our device. A top 
view of the EO NB is shown in Fig. 2. 
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Fig. 1: (a) schematic view of device and (b) cross sectional views of the device for forward and 
reverse bias taken through the center of the photonic crystal cavity region  

 

 

 

 

 
 
 
 

Fig. 2: Top down view of device 

 

3. Simulations 

Simulations were carried out using a commercially available finite difference time domain 
software package (Lumerical FDTD).  A transverse electric waveguide mode was input into 
one end of the structure and the intensity transmission through the device was calculated at the 
other end.  Within the photonic crystal structure area, a mesh size of 10nm along the length 
and height and 5nm across the width was used.  The simulation time was set to 80ps.  For the 
doped regions a complex refractive index of n=3.474148 and k= 0.000112 was used for the n-
type regions and n=3.473960 and k=0.000031 for the p-type regions [6,7].  In the depleted 
regions a value of n=3.475 and k=0 was used. 

With zero voltage applied across the p-n junction, an intrinsic depletion region 60nm wide 
is formed.  The built-in voltage, Vo, of this p-n device is calculated to be 935mV. Applying a 
forward bias of 0.935V (bucking out Vo) injects enough carriers to completely eliminate this 
depletion region.  Zero depletion width is then used as our standard and compared to various 
finite depletion layer widths, equivalent to various applied reverse biases across the p-n 
junction.  Table 1 lists the voltage values used and corresponding depletion widths.  Non-
intuitive values of voltage were used in order to generate depletion widths that are odd 
multiples of 10, thereby ensuring that the edges of the depletion width are located exactly on 
lines of the simulation mesh grid. 
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Table 1. Width of the depletion region as a function of applied voltage 

 
Bias Voltage(V) Depletion width (nm) 
0.935 0 
-0.315 70 
-1.14 90 
-2.16 110 

 
 

In order to determine the optimal p-n junction location, a serious of simulations were 
performed.  Using an arbitrary modulation length of 2 microns, the resonance shift between 
+0.935V and -1.14V was determined for six different p-n junction locations.  Fig. 3(a) shows 
the transmission spectra for each simulation and Fig. 3(b) shows a plot of wavelength shift as 
a function of junction location, given as a ratio of the p-type doped region width to the n-type 
doped region width.  One can easily see that the greatest shift occurs when the p-type region is 
285nm and the n-type region is 215nm which gives a 35nm p-n junction offset from center.  

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 3: 2µm modulation length (a) transmission spectra at 0.935v and -1.14V for various pn 
junction offsets and (b) modulation shift as a function of p-n junction offset  

 
After determining the optimal p-n junction offset, a number of simulations were carried 

out in order to characterize the functionality of our device.  Transmission spectra were 
obtained for six different modulation lengths: 0.1µm, 0.2µm, 0.5µm, 1µm, 2µm, and 5µm.  
Each of these modulation lengths was simulated for our four different bias voltages: +0.935V, 
-0.315V, -1.14V, and -2.16V.  All twenty four transmission spectra are shown in Fig. 4.     
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Fig. 4: Transmission spectra as a function of applied voltage and modulation length  
 

4. Results 

The most important aspects are our device, namely the extinction ratio ER, the modulation 
shift ∆λ of the resonance wavelength λo, the quality factor Q, and the peak optical power 
transmission value T are all shown in Fig. 5 as a function of modulation length Lm.  For short 
modulation lengths the transmission, Fig. 5(a), hovers up around 80%, decreasing down to 50-
60% for the longest modulation length of 5µm.  This is to be expected as longer modulation 
lengths result in increased free carrier absorption.  Also, as expected, narrower depletion 
width results in a slightly lower transmission value when compared to wider depletion widths 
which is simply a result of the decreased number of free carriers in the depletion region.   This 
effect is also mirrored in the quality factor values shown in Fig. 5(b), with Q’s in the 10k 
range for 0.1-0.5 µm modulation lengths, decreasing down to the 8k range for 5µm 
modulation length.  Fig. 5(c) shows the wavelength shift and Fig. 5(d) the extinction ratio ER 
as referenced from the 0.935 forward bias (i.e. zero depletion width) resonance position; ER = 
T(λo,Vo)/T(λo,VR).  The wavelength shift ranges from a minimum of 0.08nm for a 0.935V to -
0.314V voltage swing at 0.1 µm modulation length to a maximum of 0.85nm for a 0.935V to -
2.16V voltage swing at 5 µm modulation length.  Most importantly, the extinction ratio did 
not fall below 3dB for any of our simulation modulation lengths and/or voltage swings. 
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Fig. 5: (a) transmission, (b) quality factor, (c) shift, and (d) extinction ratio as a function of 
modulation length. 

 
In order to calculate an estimate for the required switching energies for our different 

device parameters, one must first determine the junction capacitance of the device.  For 
reverse bias (and zero bias) conditions, we used the following standard formula for junction 
capacitance: 

 
1

2
ε    =     + −   

s d a
rev

d a o R

q N NC A
N N V V

  (1) 

  
where  𝐴 is the junction area (modulation length x nanobeam height), 𝜀𝑠 is the permittivity of 
silicon, 𝑁𝑑 and 𝑁𝑎 are the p-type and n-type doping concentrations, 𝑉𝑜 is the built in potential, 
and 𝑉𝑅 is the applied reverse bias.  For the full forward bias situation, 0.935V, we used the 
standard rule of thumb: 

  02≈forC C  (2) 
  

where 𝐶𝑓𝑜𝑟  is the forward bias junction capacitance and 𝐶0 is the junction capacitance 
corresponding to the built in potential.  The switching energy,𝐸𝑠, is then calculated [8] as  

 ( )2 21
2

= +s for o rev RE C V C V   (3) 

 
In a typical digital logic scheme, one can think of the switching energy as the energy required 
in order to flip a bit, therefore, the units of Es can be expressed as Joules per bit flip.  Since the 
probability of a bit flip is 50%, the average energy per bit Eb is ½ that of the switching energy, 

 
1
2

=b sE E   (4) 
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Table 2 lists the energy per bit required for various modulation lengths when switching 

from full forward bias of 0.935V to a reverse bias of -0.315V, -1.14V, and -2.16V.  For a 
0.1µm modulation length and a 0.935 to -0.315 modulation-voltage swing, where C0.935 = 81 
aF and C-0.315 = 35 aF is calculated, the Eb required for 3dB of extinction is only 19 attojoules 
per bit.  We would like to note that our estimates for capacitance and, hence, energy, do not 
take into account the air holes in the photonic crystal structure which we expect would only 
slightly modify our results.  Furthermore, the 0.1µm modulation length does not extend into 
the holes of the photonic crystal since the edge to edge spacing of the center two holes is also 
0.1µm. 

 
Table 2: Energy per bit Eb required to switch from 0.935V to various reverse bias 
voltages for various modulation lengths. 

 
Lm (µm) Energy/bit for -0.315V 

switching (fJ) 
Energy/bit for -1.14V 
switching (fJ) 

Energy/bit for -2.16V 
switching (fJ) 

0.1 0.019 0.027 0.044 
0.2 0.037 0.053 0.088 
0.5 0.093 0.133 0.219 
1 0.186 0.266 0.438 
2 0.372 0.532 0.876 
5 0.931 1.330 2.189 

 

5. Discussion 

Most of the published implemenations of 1550nm SOI electro-optical modulators consist of a 
Si strip waveguide side coupled to a Si micro-ring or micro-disk resonator containing a 
circumferential p-n junction for carrier depletion in the cavity. By comparison, our Si NB EO 
modulator has a smaller footprint because it foregoes the micro-ring or disk.  In addition, the 
NB modulator has a smaller mode volume within the active region than the ring modulator, 
allowing lower switching energy in the NB.  The resonance characteristics are also different 
because the NB, with its 1D PhC cavity, possesses one or two high transmission peaks within 
the low transmission gap of the photonic crystal, while the micro-disk offers a long periodic 
series of resonances. In addition to coupling several NBs cavities serially along one wire [9], 
it is feasible to arrange an evanescent wave side coupling of a NB to one or more parallel NBs 
or to one or more non-resonant SOI channel waveguides.  We expect to study EO versions of 
those NB directional couplers in the future. 

Also consider that germanium becomes transparent for λ > 1.8 µm and possesses a free-
carrier depletion effect much stronger than that of silicon. Therefore, a Ge nanobeam EO 
modulator corresponding to the present device design is anticipated to be even more sensitive 
than a Si device. 

The Si NB can also serve as a refractometer if the Si NB resonance wavelength λo is 
chosen to correspond to the fundamental absorption line of a target molecular species and if 
this analyte is infused into the pores of the Si modulator, serving as a new upper cladding 
material instead of air. Then the complex cladding index of the NB will change substantially 
in the presence of the analyte, thereby shifting the NB resonance.  Since the NB is EO, it is 
possible to “dither” the cavity resonance at audio frequencies, allowing for an extremely 
precise measurement of λo and its shift.  This measurement method has been described by Qiu 
et al [10] who show that the resonance of the refractometer can be measured to within 0.16 
pm, thus enhancing the refractometer sensitivity. 
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As a final comment, we note that this NB modulator is highly versatile because it can be 
actuated by several available physical mechanisms for actively shifting λo of the Si NB. These 
are: a p-i-n or p-n junction for electron and hole depletion or injection, an MOS high-K gate 
on the NB for carrier depletion or accumulation [11], a micro-heater-induced thermo-optic 
effect [12],  the Franz-Keldysh field effect operative around 1100 nm, and two nonlinear 
optical effects; (1) generation of e-h pairs in the resonator due to an above gap light beam 
incident on the Si, (2) an intensity dependent refractive index n2 of the cavity induced by 
strong optical pumping of the third-order nonlinear Si.  We have selected p-n depletion as the 
most practical technique. Furthermore, we had a choice of depleting either a lateral p-n 
junction or a vertical p-n junction.  The vertical junction is thought to be almost twice as 
efficient as the horizontal junction [13], although an air bridge contact may be required in the 
vertical case. We chose to use the lateral junction which has been applied quite successfully in 
the Si modulator literature [5].  The vertical junction NB awaits future exploration. 

6. Conclusion  

We have simulated an SOI thick-oxide lateral p-n junction modulator compatible with the 
low-voltage differential signaling described by Zortman et al [14], By examining the case of 
935mV forward bias combined with 315mV reverse bias (asymmetric signaling), we achieved 
a 6dB extinction ratio (Lm = 0.2 µm) at the 1D PhC cavity resonance λo ~1518 nm. In the 
500nm x 220nm TE0-mode Si nanobeam, a point-defect resonator was not used, and instead 
the cavity consisted of a zero-length defect midway in an array of 24 cylindrical air holes 
whose diameter was quadratically tapered in and out from 250 to 176 nm, The Si strip 
waveguide became a fixed-length rib waveguide over the Lw = 8.2 µm PhC array length 
where 50nm high Si lateral wings, initially undoped, extended out from both sides of the NB.  
To create a horizontal abrupt p-n junction in the NB, and to provide external electrical 
contacts for bias voltage, the left and right portions of the NB were locally doped over the 
central region of the hole array, as were the left and right wings. The p type doping was 
5x1017 cm-3 and the n type doping was 1x1018 𝑐𝑚−3. Simulation tests showed that a 35 nm 
offset of the junction from the NB center (p width=285nm, n width=215nm) produced the best 
modulation.  

For a 24-hole device simulated using Lumerical FDTD, we estimate the following 
performance features: (1) the information bandwidth is approximately 20 GHz as calculated 
from the “worst case” cavity linewidth of 152 pm, (2) the active modulator length of 0.1 to 1 
µm of this “all-dielectric Si wire” is truly wavelength-scale and ranges from 0.066λ to 0.66λ, 
(3) the λo shift per unit applied-voltage swing per unit length ∆λ/∆V Lm is a figure of merit 
(FOM) and this FOM is maximum at ~ 0.6nm/Vµm  when ∆V=Vo-VR ~ 1V and Lm ~ 0.2 µm, 
(4) the infrared transmission at λo is ~ 80% for optimum cases, meaning an insertion loss of 
~1dB, and (5) the minimum forward/reverse switching energy for 3dB of ER is extremely 
low; for example Eb = 19 attojoules per bit at VR = 315mV and Lm = 0.1 µm.  These 
specifications, taken as a whole, indicate very high modulation sensitivity, a performance that 
exceeds the performance reported for Si micro ring and disk modulators. 

The most practical range of NB operation is for modulation lengths of 0.1 to 0.5 µm, with 
∆V~1V. The ER in Fig. 5(d) depends more strongly upon Lm than upon VR.  Consequently, 
we infer that VR could be reduced to very low values while preserving high performance. For 
example, a reverse signaling voltage of only 100 mV is estimated to give ER > 3dB when Lm~ 
0.2 µm. As we have found that Eb is roughly proportional to Lm,  ∆V, ∆λ and ER,  we can use 
these guidelines to minimize Eb while keeping Lm < 0.5µm for high T.  Therefore, even for an 
ER of 6dB, there are many choices of Lm and ∆V that will give a switching energy of less than 
100 aJ/bit. 
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